The selectivity filter of K þ channels is comprised of a linear queue of four equal-spaced ion-binding sites spanning a distance of 12 Å . Each site is formed of eight oxygen atoms from the protein. The first three sites, numbered 1 -3 from the extracellular side, are made of exclusively mainchain carbonyl oxygen atoms. The fourth site, closest to the intracellular side, is made of four main-chain carbonyl oxygen atoms and four threonine side-chain hydroxyl oxygen atoms. Here we characterize the effects of mutating the threonine to cysteine on the distribution of ions in the selectivity filter and on the conduction of ions through the filter. The mutation influences the occupancy of K þ at sites 2 and 4 and it reduces the maximum rate of conduction in the limit of high K þ concentration. The mutation does not affect the conduction of Rb þ . These results can be understood in the context of a conduction mechanism in which a pair of K ions switch between energetically balanced 1,3 and 2,4 configurations.
Introduction
Potassium channels conduct K ions very rapidly across the cell membrane. In the presence of physiological electrochemical differences, K ions are conducted across the membrane almost as fast as they are able to diffuse from solution up to the pore entryway. The mechanism of this rapid conduction is very interesting to understand, especially since K þ channels exclude the smaller alkali metal cation Na þ . Here we ask how a mutation at a single site in the selectivity filter influences the occupancy distribution and conduction of ions in the KcsA K þ channel. Our aim is to test a specific mechanism that has been proposed to underlie ion conduction.
In the K þ selectivity filter the amino acid sequence TVGY forms an extended strand that directs the threonine hydroxyl oxygen and four carbonyl oxygen atoms toward the ion conduction pore ( Figure 1A) . Four strands (one from each subunit) come together to create five layers of four in-plane oxygen atoms; half way between each layer a K þ interacts favorably with eight oxygen atoms, four from each adjacent layer. These favorable positions, or K þ binding sites, are labeled 1 -4 from the extracellular to the intracellular side of the selectivity filter.
Under physiological K þ concentrations, on average, two K ions reside in the selectivity filter at a given time. This conclusion was most definitively reached through crystallographic analysis at 1.9 Å resolution of a KcsA K þ channel structure containing Tl þ substituted for K þ . 1 The two K ions in the filter have been proposed to reside in specific configurations called 1,3 and 2,4, referring to K þ being at sites 1 and 3 and at 2 and 4, respectively. In both configurations a water molecule is thought to reside in between the pair of ions. Evidence for these specific configurations comes from a structural comparison of Rb þ and K þ in the selectivity filter 2 and from a characteristic feature of electron density at the selectivity filter entryway in the presence of K þ . 3 The 1,3 and 2,4 configurations suggest a simple throughput cycle for the conduction of K þ ( Figure  1B) . The configurations are able to interchange when the queue of ions and water simply shifts from one configuration to the other or when an ion enters from the ion vacant side of the filter (i.e. position 4 in the 1,3 configuration or position 1 in the 2,4 configuration) and another ion exits from the opposite side. Thus, conduction would always involve a doubly occupied selectivity filter and be dependent upon strong coupling of ion exit and entry through the queue of ions and water in the filter. This model would predict that a mutation at a single site within the selectivity filter would have consequences for ion occupancy beyond the site mutated.
Site 4 is accessible to alteration by conventional mutagenesis because the intracellular most layer of oxygen atoms in the filter is provided by the side-chain of threonine. Here we investigate the effects of mutating the threonine residue, which directly alters site 4.
Results

Site 4 mutation and the distribution of K 1
Threonine 75 was mutated to cysteine (site 4 mutation) and the structure was solved in the presence of 200 mM KCl and refined to a resolution of 2.2 Å . The cysteine replaces threonine without significantly altering the side-chain volume. Electron density in the selectivity filter is shown ( Figure 2A ) and compared to the wild-type channel structure determined at 2.0 Å resolution under similar conditions ( Figure 2B ). In the mutant channel the sulfur atom of the cysteine side-chain takes the position of the g-carbon of the wild-type threonine side-chain. The result is an almost Two diagonally opposed subunits of the tetrameric channel are shown as a yellow trace. The selectivity filter, residues T75 to G79, is colored in red. The F o 2 F c omit map (contoured at 3s) validating the K þ sites is shown as a blue mesh with sites 1 and 4 labeled. Right, close-up view of the selectivity filter region (T75 to G79) in a ball-andstick representation. The four K þ binding sites in the selectivity filter are represented as green spheres with sites 1 and 4 labeled. B, A simplified throughput cycle for K þ conduction (modified from Morais-Cabral et al. 2 ). Sets of boxes represent the four K þ binding sites within the selectivity filter. A K þ is represented as a green circle. A box is either occupied by a K þ or by a water molecule (not shown). The set of boxes on the left represents the 1,3 configuration, and the one on the right represents the 2,4 configuration (see the text). The upper set shows the case when an incoming K þ pushes the queue of K þ -water -K þ -water (the 1,3 configuration) up one box, to release a K þ on the opposite side, leading to the 2,4 configuration. The bottom set shows the case when the queue of water -K þ -water -K þ (the 2,4 configuration) moves up one box, leading to the 1,3 configuration. Figures 1A, 2A -C, and 3A and B were made with Bobscript 13, 14 and Raster 3D. 15 Figure 2 . A, Stereo view of the selectivity filter region for the T75C mutant KcsA channel. The structure, solved in 200 mM K þ , is shown with residues E71 to D80 (from two diagonally opposed subunits) rendered in a ball-and-stick representation. Green spheres represent K þ binding sites in the filter, and the magenta sphere represents a site with residual electron density. The 2F o 2 F c electron density map (contoured at 2s) validating the structure is shown as a blue mesh. B, Stereo view of the selectivity filter region for the wild-type KcsA. The structure (PDB code 1K4C 3 ), solved in 200 mM K þ , is represented in the same way as in A. C, Stereo view of the selectivity filter region of the T75C (red) superimposed on that of the wild-type (blue). perfect removal of the threonine hydroxyl with little further perturbation of the channel structure (RMSD for the wild-type and mutant channels from residue 71 to 80 is 0.12 Å ) ( Figure 2C ). Site 4 is rendered incomplete in the mutant channel: where K þ fits snugly into a cubic cage of eight oxygen atoms surrounding site 4 in the wild-type channel, it experiences a wider almost vestibulelike opening in the mutant channel.
One-dimensional electron density profiles are shown for the wild-type ( Figure 3A ) and mutant ( Figure 3B ) channel structures. The areas have been converted into approximate occupancy according the analysis of Zhou & MacKinnon. 1 We emphasize the approximate nature of this measurement and that our conclusions will depend on relative changes rather than precise occupancy values. In the wild-type channel the occupancies of sites 1 and 4 are about 0.55 and of sites 2 and 3 are about 0.45. Interpreted in the context of the two ion filter model described in the Introduction we suppose that the 1,3 and 2,4 configurations each represent about 45% of the channels in the crystal while the remainder (, 10%) correspond to a 1,4 configuration (K þ at sites 1 and 4). 2 In the mutant channel the electron density profile is altered. Site 4 has a broader and shifted peak with a reduced area consistent with lowered occupancy. The occupancy of site 2 is also somewhat reduced. The apparent "action at a distance", that is, alteration of occupancy at site 2 as a consequence of a mutation at site 4, is easy to understand if ions tend to reside in specific configurations because an energetic alteration of site 4 will affect the occupancy of the 2,4 configuration.
Site 4 mutation and K 1 conduction
The site 4 mutation influences K þ conduction in KcsA K þ channels reconstituted into planar lipid Figure 1A . The black broken line shows the central axis of the selectivity filter, along which the difference Fourier omit map was sampled to obtain the one-dimensional electron density (r), as described in Methods. Lower panel: one-dimensional electron density profiles corresponding to different K þ binding sites in the selectivity filter. The numbers along the x-axis identify the four binding sites as defined in Figure 1A . The number on top of each peak indicates the fractional K þ occupancy (see Methods). bilayers ( Figure 4A ). To study conduction in the mutant channel we had to introduce a second mutation that would increase the open probability. The wild-type KcsA K þ channel normally opens only rarely, and most mutations lower the open probability even further to an immeasurably low level. Heginbotham and co-workers showed that the mutation alanine 108 to serine (located in the inner helix near the channel's gate) increases the open probability of KcsA, 4 and here we use their finding to our advantage to open the site 4 mutant channel. In single channel records it is immediately apparent that the conductance of the double mutant (site 4 and alanine 108 to serine) is smaller than wild-type ( Figure 4A ). The current-voltage curves in Figure 4B show that the current is reduced over the entire voltage range (2 200 mV to þ 200 mV) and that the reduction is caused by the site 4 mutation: the alanine 108 to serine mutation by itself has no significant influence on conductance compared to the wild-type channel. The qualitative shape of the current-voltage curve is also affected by the site 4 mutation such that the conductance is reduced most dramatically at smaller absolute values of membrane voltage.
The relative reduction of conductance caused by the mutation at site 4 also depends on the K þ concentration. This effect is shown in Figure 4C , where the conductance g (current per voltage measured as in Figure 4B ) is graphed as a function of the K þ concentration. At the lowest concentration the mutation causes only a modest reduction compared to wild-type, while at the highest concentration the relative reduction is greatest. The basic shape of the conductanceconcentration curve is altered by the mutation in a manner somewhat analogous to the reduction of an enzyme's V max .
Site 4 mutation and Rb 1 conduction
The alkali metal cation Rb þ conducts, but for most K þ channels it conducts at lower rates than K þ . This is the case for the KcsA K þ channel ( Figure 5 ). Moreover, the conductance-concentration curve in Rb þ is qualitatively similar to what we saw in the site 4 mutant channel in the presence of K þ (Figure 4C ): the conductance "saturates" at a small value. This observation compels us to ask: if Rb þ conduction through the wild-type channel already looks like K þ conduction through the site 4 mutant channel, does the mutation have an effect on Rb þ conduction? We see in Figure 6 that the mutation in this context has little effect: the current-voltage curve ( Figure  6A ) and the conductance -concentration curve ( Figure 6B ) are similar for the wild-type and mutant channel when Rb þ is the current carrier. The mutation that has such a prominent influence on the conduction of K þ is essentially silent to the conduction of Rb þ .
Discussion
Several lines of experimental evidence support a model for K þ conduction outlined in Figure 1B . It is well established that the filter contains on average about two K þ distributed over four ionbinding sites. 1 There is also some evidence that the K ions tend to bind in specific configurations that we call 1,3 and 2,4, with a water molecule hypothesized to reside in between the pair of ions ( Figure 1B ). 2,3 Some deviation from strictly 1,3 and 2,4 configurations undoubtedly occurs because detailed crystallographic measurements show that the ion occupancy at site 1 does not exactly equal the occupancy at site 3, and sites 2 and 4 are also not exactly equal either. 1 In fact, sites 1 and 4 systematically have a higher occupancy than sites 2 and 3, 1,2 which implies the possible presence of some channels with a 1,4 configuration, a K þ in 1 and 4 with two water molecules in between. 2 To a first approximation, however, the data are in good agreement with the filter being predominantly (, 90%) in either the 1,3 or 2,4 configurations when crystals are equilibrated with more than 20 mM K þ . These configurations have led us to formulate the model for conduction ( Figure 1B) . 2 Specific configurations of ions in the filter make simple predictions about the way K þ ions will distribute in the filter if a single site is altered by mutation. Here we investigate what happens when site 4 is mutated. We observe that the occupancy of site 4 is reduced, as is the occupancy of site 2, while sites 1 and 3 remain essentially unaltered. This observation lends very strong support for the proposal of 1,3 and 2,4 configurations of ions in the filter. In fact, it is not easy to explain the result in any other way. This basic observation is the most important result here.
We studied certain electrophysiological properties of the site 4 mutant channel and found that its conductance in K þ is reduced. To a "zeroth-order" approximation we offer the following explanation for this effect. If one simulates ions hopping around the cycle in Figure 1B it is easy to show that conductance is maximized when the energy difference between the 1,3 and 2,4 configurations is zero. 2 In the wild-type channel the 1,3 and 2,4 configurations are nearly equally represented in the crystal because occupancy at 1 and 3 is roughly the same as at 2 and 4. These configurations must therefore be energetically equivalent. The energetic balance is disturbed in the mutant: the occupancy of the 2,4 configuration is less than the 1,3 configuration. Because of the energy difference between them we should expect, all else being equal, a reduction in conductance. Even the relatively greater reduction at high concentrations of K þ (Figure 4C ) can be explained qualitatively in terms of an energy difference between the configurations because an energy difference necessitates an energy step in going around the cycle: at high K þ concentrations when ion entry is fast, the internal hopping transition (bottom pathway, Figure 1B ) eventually becomes rate-limiting, just as product dissociation becomes rate-limiting at high substrate concentrations in a Michaelis -Menten enzyme. 5 We emphasize zeroth-order in the above explanation of the reduced conductance for several reasons, the most important being that the apparent energy difference between 1,3 and 2,4 configurations in the mutant channel is small, corresponding to much less than 1.0 kcal mol 21 estimated by applying the occupancies to the Boltzmann distribution. Even a small energy difference should reduce the conductance somewhat, but probably not to the extent that we observe. But careful inspection of the data tells us that the mutation does not simply shift the equilibrium distribution from 2,4 to 1,3, and that the energy difference between these configurations is not the entire story. The mutation actually reduces the total occupancy of the filter to less than two ions (, 1.7 ions) on average by lowering the occupancy of the 2,4 configuration, without changing the 1,3 configuration much. The reduction of occupancy means that a more quantitative analysis would require us to consider ion configurations (kinetic states) outside the cycle ( Figure 1B) . We have carried out such calculations using more complicated kinetic networks to relate occupancy to conduction, 2 but these calculations have not given us deeper insight into the conduction mechanism.
Rubidium conduction through K þ channels has been studied extensively. In most K þ channels, including KcsA, Rb þ conducts less well than K þ with a reduced conductance especially at high concentrations, as shown ( Figure 5 ). In crystallographic experiments Rb þ binds at only three positions in the filter, near the K þ sites 1, 3 and 4, consistent with a combination of 1,3 and 1,4 configurations. 1,2 Based on the crystallographic data we have proposed that the reduced Rb þ conductance is related to the lack of balanced 1,3 and 2,4 configurations as is seen for K þ . 2 It is now interesting to see that the site 4 mutation has almost no effect on Rb þ conduction. Qualitatively, this observation is in keeping with the idea that very high rates are achieved in the case of K þ because of its "energetically balanced" conduction cycle.
Methods
Protein purification and crystal preparation
The T75C mutant KcsA in complex with antibody Fab fragments was purified as described. 3, 6 Crystals (,25 mm £ 30 mm £ 200 mm) of space group I4 appeared seven to 15 days after equilibrating a 1 : 1 mixture of the protein (,9 mg/ml) and the reservoir solution (18 -25% (w/v) PEG400, 50 mM magnesium acetate, 50 mM sodium acetate at pH 5.4 or 5.6) against the reservoir using the sitting-drop method (20 8C). Cryo-protection of the crystals was achieved through vapor-diffusion by increasing the concentration of PEG400 in the reservoir to 40%, in steps of 5% per day. The crystals were frozen in liquid nitrogen-cooled liquid propane.
Cystallographic analysis
Data were collected at beam line X25 at the National Synchrotron Light Source (Brookhaven National Laboratory) ( Table 1 ). The data were processed and scaled with Denzo and Scalepack from the HKL program suite 7 and the CCP4 package. 8 The wild-type coordinates (PDB code 1K4C 3 ), with the threonine 75 replaced by an alanine, were used to calculate the initial electron density map, and the electron density corresponding to the S g of the cysteine 75 was unambiguously identified in the map. The model was refined by several cycles of manual rebuilding in the program O, 9 and simulated annealing, energy minimization and individual B-factor refinement using CNS. 10 One-dimensional electron density profiles were obtained as described. 1, 2 Briefly, the data set for the mutant (30 -2.2 Å ) was scaled to the wild-type KcsA data set (1K4C). An F o 2 F c omit map was calculated using the refined model, with ions and the selectivity filter residues (CVGYG) removed. The one-dimensional electron density profile was obtained by sampling the omit map along the central axis of the selectivity filter, using MAPMAN. 11 It was reported 1 that removing the selectivity filter residues for map calculation causes only small changes in the model phases, but can significantly reduce local errors in the selectivity filter region of the electron density map. K þ occupancy for each site was estimated from the relative peak areas of the one-dimensional electron density profile. 1 The fractional occupancy of each site in the wild-type is slightly different from that reported, 1 due to truncation of the data set to 2.2 Å .
Electrophysiology
The wild-type and the mutant KcsA channels were purified on a Talon Co 2þ -affinity column as described. 3, 6 The His-tag was removed by thrombin digestion, and channels were further purified by gel filtration and reconstituted into lipid vesicles (10 mg/ml) as described. 12 The final protein-to-lipid ratio was ,5 mg/ mg for the wild-type and the A108S mutant. Planar lipid bilayers of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (15 mg/ml) and 1-palmitoyl-2-oleoylsn-glycerol-3-[phospho-rac-(1-glycerol)] (5 mg/ml) in decane were painted over a 50 micrometer hole in a plastic partition. To increase the chance of observing channel activities for the T75C/A108S, the double Numbers in parentheses are statistics for the last resolution shell. a Redundancy represents the ratio of the total number of measurements to the number of unique reflections. b R sym ¼ P lI i 2 kI i ll= P I i , where kI i l is the average intensity of symmetry-equivalent reflections. c r.m.s.d of bond is the root-mean-square deviation of bond angle and length. d R ¼ P lF o 2 F c l= P F o ; 5% of the data that were excluded in the refinement were used in the R free calculation.
mutant was reconstituted at , 60 mg/mg protein-to-lipid ratio to increase the average number of channels per vesicle. To increase vesicle fusion with the lipid bilayer, KCl was added to the vesicle suspension to achieve the final salt concentration of ,1.2 M immediately prior to the experiment and the mixture was sonicated for ten seconds. Single-channel currents were measured using an Axon 200B patch-clamp amplifier (Axon Instruments), filtered at 2 kHz (23 dB, Frequency Device) (1 kHz for display in Figure 4A ), digitized at 10 kHz (DigiData 1200, Axon Instruments) and recorded on a computer. External solutions contained the KCl concentration specified in the text, and 10 mM Hepes (pH 7.0); internal solutions contained in addition to KCl, 10 mM succinate (pH 4.0).
Atomic coordinates
The atomic coordinates and structure factors for the T75C mutant KcsA channel are deposited with the Protein Data Bank under the PDB code 1S5H.
